ABSTRACT Drought limits light harvesting, resulting in lower plant growth and reproduction. One trait important for plant drought response is water-use efficiency (WUE). We investigated (1) how the joint genetic architecture of WUE, reproductive characters, and vegetative traits changed across drought and well-watered conditions, (2) whether traits with distinct developmental bases (e.g. leaf gas exchange versus reproduction) differed in the environmental sensitivity of their genetic architecture, and (3) whether quantitative variation in circadian period was related to drought response in Brassica rapa. Overall, WUE increased in drought, primarily because stomatal conductance, and thus water loss, declined more than carbon fixation. Genotypes with the highest WUE in drought expressed the lowest WUE in well-watered conditions, and had the largest vegetative and floral organs in both treatments. Thus, large changes in WUE enabled some genotypes to approach vegetative and reproductive trait optima across environments. The genetic architecture differed for gas-exchange and vegetative traits across drought and well-watered conditions, but not for floral traits. Correlations between circadian and leaf gas-exchange traits were significant but did not vary across treatments, indicating that circadian period affects physiological function regardless of water availability. These results suggest that WUE is important for drought tolerance in Brassica rapa and that artificial selection for increased WUE in drought will not result in maladaptive expression of other traits that are correlated with WUE.
INTRODUCTION
As sessile organisms, plants must maximize their harvesting of light energy even as they are exposed to climatic variation, and drought is one of the most important climatic factors affecting plant growth and mortality (Condit et al., 1995; Allen and Breshears, 1998; Condit, 1998; Breshears et al., 2009; Allen et al., 2010) . Water deficit triggers a series of ecophysiological responses; plants reduce growth and respiration rates, divert a larger percentage of carbohydrates to storage, and close their stomates, thereby reducing the rate of water loss from transpiration and minimizing the risk of hydraulic failure (McDowell et al., 2008; McDowell, 2011) . The rate of photosynthesis subsequently drops, and utilization of carbohydrates for respiration, growth, and defense decreases carbohydrate concentrations, reducing the ability to regulate osmotic potential, produce carbon-rich defense compounds, and devote resources to reproduction. Ultimately, prolonged drought has major negative effects on growth and ecophysiological processes, and may lead to lower fitness, complete reproductive failure, or mortality, making drought an important selective agent in both natural and cultivated plant populations (Dudley, 1996; Heschel and Riginos, 2005) .
Statistical genetic approaches can be used to predict the evolution of complex traits in response to selection (Falconer and Mackay, 1996) . Specifically, the response of a trait to selection depends on the magnitude of the additive genetic variance and on co-variation among traits in a population (Falconer and Mackay, 1996) . That is, evolution of any given trait results both from direct selection on that trait and indirect selection acting on correlated traits. Lande's (1979) multivariate generalization of the breeder's equation can be used to predict the evolution of suites of correlated traits, such as the suite of gas-exchange and mechanistic traits that likely contribute to drought response. In this model, Dz = Gb, where a change in the mean value of several traits (z 1 , z 2 , . . . z n ) is equal to the product of the genetic variance-co-variance matrix (G) and a vector of selection gradients (b). G effectively summarizes the genetic architecture, including genetic variances in multiple traits and associations among traits, that may limit a response to selection (Steppan et al., 2002) . Environmental heterogeneity may influence the evolutionary trajectory of traits by affecting the expression of genetic variation and the patterns of co-variation among traits. Differences have been observed, for instance, in the G-matrix of leaf gas-exchange traits in Avena barbata across drought and wellwatered treatments due to increased trait variances in the drought treatment and environmental dependence of correlations involving leaf gas-exchange traits (Sherrard et al., 2009 ). However, the response of G to environmental stress may vary among traits (Hoffmann and Merila, 1999) ; for example, in Avena, although the G-matrix of leaf gas-exchange traits varied across water regimes, the G-matrix of performance traits did not (Sherrard et al., 2009 ). G-matrix behavior in response to environmental stress may also be species-specific; in contrast to patterns found in Avena, lower heritability in drought treatments was found for carbon isotope discrimination in grasses (Johnson et al., 1990) , for morphological and life-history traits in Impatiens pallida (Bennington and McGraw, 1996) , and for fitnessrelated traits in rice (Lafitte et al., 2004) . These contrasting results suggest that the effects of drought on trait (co)variance may be species-specific, or that the effects of drought may vary among traits with different developmental bases. It is of interest to further characterize the genetic architecture of drought responses and develop predictive evolutionary models, given the patchy distribution of water in natural settings and the significant fitness effects of drought.
One trait that is important in plant drought response and tolerance is water-use efficiency (WUE). Intrinsic WUE (W g ) (Seibt et al., 2008 ) is defined as the rate of photosynthesis (A) divided by the rate of stomatal conductance to water (g s ;). g s is a measure of rate of passage of water vapor and carbon dioxide through the stomata, and A quantifies the assimilation of CO 2 into biomass. In response to drought, plants commonly increase WUE, which is most often carried out by decreasing g s , as variation in A is usually limited by the rate of g s . Increased guard cell control is the mechanism by which plants decrease g s , with plants adjusting stomatal aperture via a still incompletely known set of controls in response to internal and external conditions, which include the biochemical status of photosynthetic metabolism, light availability, water potential of the leaf and guard cells, and hormonal signals (Flexas et al., 2004) ; however, the response of W g to drought may vary among species and populations. Predictive understanding of W g across water regimes is likely to be improved by investigating the genetic architecture of photosynthetic gas-exchange traits that contribute to W g , rather than investigating W g in isolation (Rebetzke et al., 2008) .
The circadian clock may also affect WUE across water regimes. Clock mutants in Arabidopsis thaliana differ from wild-type plants in the expression of photosynthesis in wellwatered conditions (Dodd et al., 2005) , and we have shown that naturally segregating variation in circadian period likewise affected the expression of A and g s in Brassica rapa . Furthermore, variation in circadian period was also shown to be genetically correlated with D 13 C, which is often used as a proxy for WUE . Given that circadian period has been shown to be related to both WUE and the component traits of WUE, these results suggest that the clock could also help modulate WUE in response to variation in water regime. However, the relationship between quantitative variation in the circadian clock and leaf gas-exchange traits has only been measured in a wellwatered environment, and it is unknown whether this genetic relationship is affected by drought or helps modulate the response of WUE to drought stress.
Because water resources are increasingly limiting and ongoing population growth is placing more pressure on crop production (Foley et al., 2011) , improving crop yield per unit water lost and predicting how crops may be affected by global climate change are among the primary aims of current crop research Rebetzke et al., 2002; Condon et al., 2004; Yang et al., 2010) . Previous research in several crop species has revealed that some genotypes within a population may be more water-use efficient than others, and artificial selection on genotypes with high WUE has been investigated as a means to improve crops for increased yield in water-limited environments Rebetzke et al., 2002) . Many studies have shown that yield and biomass are correlated with WUE in drought (Ehdaie et al., 1991; Condon et al., 1993; Sun et al., 1996) , but this relationship has been shown to vary across water regimes; for example, in wheat, a genotype with the highest WUE had the largest biomass in drought, but also had the smallest biomass in well-watered environments because it did not utilize all available water . As revealed by the G matrix, selection for improved WUE may also alter the expression of other traits that are themselves critical to yield, depending on the nature of trait correlations. For example, vegetative and reproductive morphology may be affected by water availability (Carroll et al., 2001; Aspelmeier and Leuschner, 2006; Caruso, 2006) and may be correlated with WUE. Nonetheless, few studies have investigated the correlations between WUE and vegetative, reproductive (floral), and other leaf gas-exchange traits across water regimes (but see Lambrecht and Dawson, 2007) . Investigating the genetic relationship among these traits across water regimes will help clarify how artificial selection for increased WUE will affect yield and fitness.
In this study, we investigated how patterns of trait (co)variation of leaf gas-exchange, vegetative, circadian, and reproductive traits were affected by drought/well-watered conditions in a population of 40 recombinant inbred lines (RILs) and two parental genotypes of Brassica rapa. Our goals were to investigate (1) how the genetic architecture of WUE and the photosynthetic gas-exchange traits that contribute to WUE respond to changes in water regime, (2) whether quantitative genetic variation in circadian period is related to WUE and drought response across water regimes, (3) whether differences in the expression of WUE and other leaf gas-exchange traits across drought versus well-watered conditions affect reproductive and vegetative traits critical to fitness, and (4) whether the G-matrices of traits with different developmental bases (leaf gas-exchange, vegetative, and reproductive) differed in their responses to water regime. Results of this study provide insight into the potential for natural populations of B. rapa to evolve in response to climate change and the response of B. rapa and similar crops to artificial selection for increased water-use efficiency and yield in water-limited environments.
RESULTS

Partitioning of Quantitative Genetic Variation Within and Between Treatments
Yield and biomass vary in response to water availability (Condon et al., 2004; Jones, 2007) . Similarly, vegetative and reproductive morphology, both of which affect yield and biomass, depend significantly on water availability (Carroll et al., 2001; Chaves et al., 2003; Aspelmeier and Leuschner, 2006; Caruso, 2006) . We wished to determine whether these traits co-varied and whether they were correlated with WUE across water regimes. The occurrence of correlations among traits is relevant, because artificial selection on WUE may result in correlated phenotypic evolution of traits correlated with WUE (Steppan et al., 2002) . Therefore, we investigated (co)variation of photosynthetic gas-exchange (A, photosynthetic rate; F v' /F m' , chlorophyll fluorescence in light; g s , stomatal conductance; E, transpiration rate; W g , intrinsic water-use efficiency (A/g s ); D 13 C, carbon isotope discrimination, N area , nitrogen concentration on a leaf area basis; LMA, leaf mass per area), vegetative (biomass; root:shoot ratio; height; number of branches), circadian (period), and reproductive (pistil length; long stamen length; petal length, petal area; days to flowering) traits in drought and well-watered conditions.
Within both treatments, we carried out analysis of variance for each trait to test the random effects of genotype and flat (as a blocking term) in each treatment. The effect of flat was not significant for all traits and is not reported further. All traits demonstrated significant among-genotype variance (P , 0.05; Table 1 ). Overall, estimates of V G /V P , or broad-sense heritability, where V G is the among-genotype variance component in each treatment and V P is the sum of all variance components for a trait in each treatment, were moderate to large for most traits, ranging from 0.207 to 0.825. Heritability was generally higher in the well-watered treatment (range 0.208-0.825; Table 1 ) than in the drought treatment (range 0.207-0.636; Table 1 ). Twelve of 16 traits had larger V G /V P in the well-watered treatment, nine of which were due to larger genetic variance in that treatment, and three of which were attributable to proportionally smaller environmental variance in the well-watered treatment. Only four of the 16 traits (W g , D
13
C, long stamen length, and petal length) had larger V G /V P in the drought treatment (Table 1) , two of which were due to larger genetic variance in the drought (for W g and D 13 C) and two of which were attributable to proportionally smaller environmental variance in the drought treatment. We then tested for genotypic differences in the response to drought versus well-watered treatments by carrying out a mixed-model nested ANOVA across the two treatments (PROC MIXED, SAS ver. 9.2). We evaluated the fixed effect of treatment and the random effects of genotype, flat nested within treatment, and the genotype 3 treatment interaction on each trait. Water regime significantly affected the expression of many traits ( Table 2) . As expected, plants in the drought treatment had higher average intrinsic WUE (W g ). These overall increases in W g were caused by proportionally larger decreases in stomatal conductance (g s ) per unit decrease in photosynthesis ( Figure  1 , inset). Droughted plants had lower carbon isotope discrimination (D 13 C), which may also be interpreted as higher WUE in drought. Droughted plants were also shorter, had fewer secondary branches, smaller floral organs, and accumulated less than half the average biomass than plants in the well-watered treatment (Table 1) . Patterns of biomass allocation were also affected by drought; the average root:shoot ratio of plants in the drought treatment was double that of plants in the wellwatered treatment, indicating that plants in the drought treatment allocated proportionally more biomass to roots.
Across treatments, traits demonstrated non-significant to highly significant genotype by environment interactions (GEI; Table 2 ), indicating that genotypic sensitivity to treatments was trait-specific. For the leaf gas-exchange traits, significant genotype 3 environment interactions (GEI) (P , 0.05) were detected for W g and D 13 C (both of which are measures of WUE at different time scales) and N area (which is strongly related to total biochemical capacity); marginally significant GEI (P , 0.1) was detected for A (a measure of the sum total of photosynthetic capacity or demand), g s (a measure of the supply of CO 2 for photosynthesis), and LMA (a measure of the partitioning of resources between leaf biomass and area). For the vegetative traits, significant GEI (P , 0.05) was detected for biomass, root:shoot ratio, and height, and marginally significant GEI was detected (P , 0.1) for number of branches (Table 2) . All floral size traits demonstrated significant GEI (P , 0.01) except for days to flowering (Table 2) .
To further assess whether the genetic architecture of each trait changed across treatments, we estimated across-treatment genotypic correlations (r GE ), the genotypic correlation of each trait across the two treatments (Fry et al., 1996; Gurganus et al., 1998; Vieira et al., 2000) . First, we used a multivariate ANOVA approach using restricted maximum likelihood, which takes measurement error into account, to estimate correlations for each trait across the two treatments (Messina and Fry, 2003; Holland, 2006 ) (SAS PROC mixed). We also used point estimates of the genotypic values of each trait in each treatment (as BLUPs; Robinson, 1991; Littell et al., 2006) to estimate Pearson product-moment correlation coefficients for each trait across treatments (SAS PROC CORR), which does not take measurement error into account. Because results were highly similar for the two types of analysis, we present only Pearson product-moment correlation coefficients. r GE indicate the extent to which the same genetic loci are expressed and alleles have the same function across treatments; estimates of r GE approaching 1 suggest that expression of the trait across environments has a similar genetic basis, whereas estimates approaching 0 suggest that different genetic loci affect the trait or alleles differ in function across treatments (Fry et al., 1996; Gurganus et al., 1998; Vieira et al., 2000) . r GE was significantly different from 0 and not significantly different from 1 for days to flowering and F v #/F m ' (Table 2, significant effect of genotype, non-significant GEI effect), indicating that the same loci affect trait variation and alleles have the same functional effects across treatments. r GE estimates for all other traits except W g were significantly different from both 0 and 1 (Table 2, significant genotype and GEI effects), indicating that some loci or alleles affecting these traits had variable effects across treatment pairs. Interestingly, r GE estimates for W g were negative across treatments (r GE = -0.53; Table 2 and Figures 1 and 2 ), indicating that genotypes that had a large W g in one environment (drought) had a small W g in the other environment (well-watered), and vice versa (Figure 2) , and that the genes that conferred an increase in one environment conferred a decrease in the other environment. The cause of this negative correlation across treatments is that the extent to which g s declined in response to drought varied more among genotypes than the extent to which A declined (Figure 1, inset) .
Genetic Correlations and G-Matrix Analyses
To understand how genetic variance-co-variance (G) matrices changed across treatments, we used Common Principal Components (CPC) analysis, as implemented in the program CPCrand (Phillips and Arnold, 1999) . CPCrand compares the structure of two matrices using a 'jump-up' approach, testing whether the two matrices are: (1) unrelated, (2) share CPCs, (3) are proportional, or (4) are equal, each of which is tested against the hypothesis that the matrices are unrelated. The three classes of traits (leaf gas-exchange, vegetative, and reproductive) differed in the extent to which G-matrices differed C, carbon isotope discrimination; N area , nitrogen concentration on a leaf area basis; LMA, leaf mass per area; z P , 0.05, § P , 0.01, * P , 0.001, ** P , 0.0001 Pearson correlation coefficients and significance of across-treatment genotypic correlations (r GE ) for each trait.
NS
, not significant; y P , 0.1, z P , 0.05, § P , 0.01, * P , 0.001, ** P , 0.0001. Standard errors are indicated in parentheses. across treatments; G-matrices for leaf gas-exchange traits shared two common principal components (CPC) across treatments, G-matrices of vegetative traits shared all CPC across treatments, and G-matrices for reproductive traits were equal across treatments (Table 3) . To investigate the origins of differences in G-matrices, we used Z-tests to compare bivariate correlations across treatments. We estimated correlations among traits using both a multivariate (PROC MIXED) and a bivariate approach (PROC CORR), but, because the results of these two analyses were highly similar (results not shown), we present only Pearson correlation coefficients (Table 4) . Among leaf gas-exchange traits, six (of 21 possible) bivariate correlations were significantly different across treatments (Table 4) , all six of which were more significant in the drought treatment. For example, in drought, W g was correlated with D 13 C, LMA, and g s , whereas these traits were uncorrelated in the wellwatered treatment (Table 4 ). These changes in correlations across treatments involving W g are likely due to lower among-genotype variation for W g in the well-watered treatment than in the drought treatment (Table 1) , thereby limiting the expression of genetic correlations involving W g in the wellwatered treatment. In addition, N area was significantly correlated with A, F v #/F m ', and LMA in the drought treatment but not in the well-watered treatment (Table 4) . Most other correlations among leaf gas-exchange traits were of similar magnitude across treatments; for example, in both treatments, A was significantly correlated with F v #/F m ', D 13 C, g s , and LMA (Table 4) , which is consistent with the known relationship between photosynthetic CO 2 demand and supply, and the role of light-dependent biochemistry and leaf structure on photosynthesis. F v #/F m ' was significantly correlated with D 13 C, W g , and LMA ( Table 4) , showing that the latter processes rely on photochemistry for power. A and W g , F v #/F m ' and g s , and D
13
C and g s were uncorrelated in both treatments ( Table 4) , showing that WUE was driven more by gas supply limitations rather than biochemical demand and that this supply is not necessarily directly related to photochemistry. Z-tests to investigate the cause of significant differences in G-matrices for vegetative traits across treatments revealed that only one (of six possible) bivariate correlations were significantly different across treatments (Table 4) , while matrices for reproductive traits were equal across treatments for reproductive traits. In sum, the genetic architecture of leaf gas-exchange traits was more sensitive to changes in water regime than vegetative or reproductive traits.
To determine how W g affected vegetative and reproductive traits across environments, we compared G-matrices including W g and vegetative or reproductive traits across treatments. Matrices including both W g and vegetative traits shared only , not significant; y P , 0.1, z P , 0.05, § P , 0.01, * P , 0.001, ** P , 0.0001.
one CPC across treatments (Table 3) , and matrices including both W g and reproductive traits shared all CPC across treatments. All correlations between W g and vegetative/reproductive traits were negative in the well-watered treatment and positive in the drought treatment (Table 4 and Figure 3 ), seven (of nine) of which were significantly different across treatments according to Z-tests of bivariate correlations. Interestingly, although the direction of correlations involving W g and vegetative/reproductive traits shifted across drought and well-watered treatments, correlations between vegetative/reproductive traits and the component traits of W g , A, and g s were generally not significant in either treatment, nor did they differ across treatments (Table 4) ; these results suggest that, although A and g s are unrelated to vegetative/reproductive traits, the ratio between A and g s and their correlation (Figure 1 , inset) may dramatically affect both vegetative and reproductive growth across environments.
Although not tested formally as part of a priori expectations, it is worth nothing that six (of nine possible) correlations between leaf gas-exchange/vegetative/reproductive traits and N area differed across environments. Correlations between N area and both vegetative and reproductive traits were generally strongly positive and significant in the drought treatment and slightly negative and non-significant in the well-watered treatment ( Table 4 ), suggesting that the ability to take up and partition nitrogen may constrain or affect the potential for adaptive evolution only in drought conditions. Genetic correlations to investigate the relationship between circadian period and leaf gas-exchange traits revealed that circadian period was significantly correlated with both A and g s in both treatments (Table 5 ).
DISCUSSION
Our goal was to impose drought conditions similar to those found in agricultural settings that cause reductions in seed yield (Jones, 2007) . The drought conditions imposed in this study affected most of the measured leaf gas-exchange, vegetative, and reproductive traits. Many of the traits affected by water regime in the present study (e.g. biomass, height, number of stems, etc.) have been shown to be correlated with fitness across many different studies and species (Schwaegerle Inset shows the relationships between A, photosynthetic rate, and g s , stomatal conductance, in drought (black symbols) and wellwatered treatments (white symbols), illustrating that g s decreased proportionally more than A in response to drought. Each colored line shows the change in trait means across treatments for one of 20 randomly selected genotypes. W g increased dramatically in response to drought. However, the rank order of genotypes reversed across treatments; those genotypes with the lowest WUE in well-watered conditions had the highest WUE in droughted conditions. This is consistent with the inverse relationship between W g in drought and well-watered treatments shown in Figure 1 . and Levin, 1991; Ungerer et al., 2002; Johnson et al., 2009) . The large effects of treatment on traits associated with fitness suggest that the drought conditions imposed in the present study represent a relevant agroecological stress.
The Response of Leaf Gas-Exchange Traits to Water Regime
W g increased dramatically in response to drought. These changes in W g across environments can be understood in light of the mechanistic partitioning of the components of photosynthesis. However, interpretation of the components of W g must be made carefully to ensure that relationships do not simply represent autocorrelation (i.e. to ensure that g s is correlated to W g because of ecophysiological and genetic mechanisms and not because g s is the denominator of the W g calculation). Evidence for this lack of autocorrelation comes from the fact that independent measurements such as D 13 C show similar patterns to those found for W g , and that the relationship between g s and W g changed across treatments. The dramatic change in W g across treatments was caused by large decreases in g s relative to A in drought, indicating that the loss of water from transpiration during drought was a key regulator of drought response (Chaves, 1991; Yordanov et al., 2000) . The negative across-environment correlation (r GE ) for W g (Table 3 and Figure 1 ) was caused by differences in the extent to which g s decreased for each genotype in drought relative to the amount of decrease in A, causing a shift in rank order of genotypes across environments. Genetically, this suggests that the genes or alleles that confer an increase in W g in one environment confer a decrease in the other environment. This negative across-environment correlation indicates that the most water-use-efficient genotypes in one treatment are the least water-use-efficient in other treatment and vice versa ( Figures  1 and 2) . More specifically, the negative correlation is likely indicative that some genotypes are achieving the optimum trait value in each environment; that is, some genotypes express high W g in drought and low W g in well-watered conditions (see below).
Additionally, other leaf gas-exchange traits contributed to drought response. The change in the direction of correlations between N area and W g with drought indicates that genotypes that partition more N to leaves will likely have more biochemical capacity and can thus better regulate their metabolism in response to drought and avoid potential down-regulation of Rubisco activity and RuBP regeneration (Flexas and Medrano, 2002; Brü ggemann, 2007, 2010) . Such findings are supported by fertilization experiments in drought conditions, which show that increased N was associated with more efficient water use under drought (Ewers et al., 2000; Mencuccini, 2003) . Furthermore, LMA was more strongly correlated with W g under drought, indicating that the partitioning of leaf Bars above the center line indicate positive correlation coefficients and bars below the center line indicate negative correlation coefficients. Stars above traits indicate correlations that were significantly different across the drought and well-watered treatments (P , 0.05), as summarized by the shaded cells in Table 4 . A, photosynthetic rate; F v' /F m' , chlorophyll fluorescence in light; g s , stomatal conductance; E, transpiration rate; W g , intrinsic water-use efficiency (A/g s ); D 13 C, carbon isotope discrimination; N area , nitrogen concentration per unit leaf area; LMA, leaf mass per area. Values in bold represent are significant at P , 0.1 after false discovery rate correction. y P , 0.1, z P , 0.05.
resources into mass and area becomes more important when water is limiting. Increases in LMA indicate an increase in the demand for CO 2 , and this increased demand coupled with a drop in g s and, potentially, mesophyll conductance (Flexas et al., 2004) , indicate that CO 2 concentrations at the site of photosynthetic assimilation (i.e. within the chloroplast) will decline. If N is available, the plant can continue to photosynthesize by increasing the amount of enzymes in the lightindependent reactions. The increase in N area with drought suggests this is a potential drought-response mechanism. Future work should investigate the entire pathway of water loss and CO 2 uptake because a growing body of work shows that mesophyll conductance (i.e. the conductance from the site of Rubisco to the stomata) is a major portion of gas-supply limitation (Soolanayakanahally et al., 2009 ).
The Genetic Architecture of W g , Vegetative, Reproductive, and Other Leaf Gas-Exchange Traits across Treatments G-matrix analyses that included W g and vegetative or floral traits demonstrated dramatic shifts across environments (Tables  3 and 4 , and Figure 3 ). All correlations between W g and vegetative/reproductive traits were positive in the drought treatment and negative in the well-watered treatment (Figure 3) , most of which (72%) were significantly different across treatments. Thus, when water was limiting, genotypes that used water conservatively (i.e. had a high W g ) were able to assimilate a higher rate of carbon per unit water lost, and ultimately accumulated more biomass and had larger flowers. In contrast, when water was freely available, genotypes that used water conservatively (i.e. had a low W g ) accumulated less biomass and had smaller floral organs. In other words, in drought, genotypes that conserved water performed best, whereas in wellwatered conditions, genotypes that did not conserve water performed best. The negative across-environment genotypic correlation for W g (Figure 1 ) indicates that genotypes with the highest W g in drought also had the lowest W g in wellwatered conditions (Figures 1 and 2 ; Stinchcombe et al., 2010) , both of which were associated with the largest vegetative and floral organs in their respective treatments as described above (Table 3 ). In contrast, genotypes with the highest W g in well-watered conditions also had the lowest W g in drought (Figures 1 and 2) , both of which were associated with the smallest vegetative and floral organs in their respective treatments. Thus, some genotypes were capable of large changes in W g across environments that allowed them to thrive in both water regimes, whereas other genotypes were only capable of smaller changes in W g across treatments, and these genotypes performed poorly in both water regimes. The G-matrices of some classes of traits were more sensitive to treatments than others. G-matrices of leaf gas-exchange traits exhibited the largest differences across treatments followed by vegetative traits, while no differences were found across environments for reproductive traits (Table 4) . These results are similar to those found in Avena barbata, where the G-matrix containing leaf gas-exchange traits exhibited larger differences across drought/well-watered treatments than morphological and performance traits (Sherrard et al., 2009) . The observed differences among classes of traits across water regimes in Avena were attributed to changes in the expression of trait variances and environment-dependence of correlations involving leaf gas-exchange traits. Similarly, in the current study, W g and several leaf gas-exchange traits were uncorrelated in well-watered conditions while being strongly correlated in drought. The lack of correlation in the wellwatered treatment is due to smaller among-line variance for W g in the well-watered treatment, thereby limiting the expression of genetic correlations in the well-watered treatment. This result may be species-specific because previous studies in Lobelia found reduced genetic variances for g s and W g under drought (Caruso et al., 2005) .
The increased numbers and greater magnitude of significant correlations among leaf gas-exchange traits in drought may indicate that drought conditions more tightly constrain the relationships within leaf gas-exchange traits-a mechanism known as functional convergence, which involves biophysical limitations along strategy axes. These types of biophysical limitations have been widely reported across species with many different traits, making up the leaf economic spectrum (Reich et al., 1997; Bucci et al., 2004; Wright et al., 2004) . However, much less is known about the genetic mechanisms controlling these biophysical limitations. These differences in correlations across treatments for leaf gas-exchange traits suggest that response to selection will differ across environments (Hoffmann and Merila, 1999) , and the increased significance of correlations in drought suggests that the response to selection may be more constrained in drought environments.
In contrast to leaf gas-exchange traits, very few G-matrix differences were detected for vegetative traits, and no differences in G-matrices were detected for floral traits across treatments, suggesting that the response to selection for vegetative and reproductive traits would not differ across drought and wellwatered conditions. One possible explanation for why Gmatrices for reproductive traits did not differ across treatments is that the relationship among reproductive traits may be canalized. Given that the singular function of flowers is reproduction, the size and shape of floral organs are frequently coordinated and populations often maintain strong genotypic correlations among floral traits (Conner and Via, 1993; Oneil and Schmitt, 1993; Carr and Fenster, 1994; Conner and Sterling, 1995; Juenger et al., 2000; van Kleunen and Ritland, 2004; Ashman and Majetic, 2006; Brock and Weinig, 2007) . Strong genetic correlations may be maintained for reproductive traits, regardless of treatment, because of pleiotropy or close linkage of genes that affect variation in multiple floral organs.
Correlations between Circadian and Leaf Gas-Exchange Traits
In the present study, we found that two leaf gas-exchange traits, A and g s , were both significantly negatively correlated with circadian period at 24°C. The correlations detected between these traits are in agreement with those previously detected in the same RILs in a growth-chamber environment under well-watered conditions . These results are also in agreement with previous research in other species that has shown that photosynthetic carbon assimilation (Salome et al., 2002; Dodd et al., 2004) , stomatal aperture (Gorton et al., 1989; Salome et al., 2002) , and stomatal conductance (Somers et al., 1998; Dodd et al., 2004) are all under circadian clock control. Moreover, several recent studies in Arabidopsis and Eucalyptus (using different approaches) have found a strong relationship between ecophysiological and circadian traits (Dodd et al., 2005; Graf et al., 2010; Solomon et al., 2010) . The consistency of these correlations across growth conditions in B. rapa, as well as across a diverse set of species, suggests that a strong genetic link exists between circadian and photosynthetic gas-exchange traits in plants. However, contrary to the results of this previous study, we did not find significant correlations between circadian period and D 13 C. These results suggest that the expression of D
13
C may differ across growth-chamber and greenhouse environments.
The fact that correlations between circadian period and A and g s did not change across environments and that period was not correlated with D 13 C or W g in either environment suggests that circadian period may not affect the response to drought in B. rapa. This is surprising, because the circadian clock modulates the transcriptomic response to drought in both Arabidopsis and poplar (Wilkins et al., 2008 (Wilkins et al., , 2009 ). Abscisic acid (ABA) signaling, known to play critical roles in the drought response, is also gated by the clock and likely contributes to this modulation (Robertson et al., 2009 ). Moreover, ABA signaling feeds back on the clock to influence circadian period (Hanano et al., 2006; Robertson et al., 2009 ). However, we note that circadian period was measured only in a wellwatered environment, and it is possible that expression of circadian period may vary across water regimes and affect drought tolerance. To fully understand how circadian period affects drought response, future research should focus on understanding how period varies across water regimes.
Conclusions and Future Directions
Future climate change may radically alter the frequency and intensity of rainfall (Lobell et al., 2008) . In the face of such predicted climatic variability, increasing crop yield per unit rainfall is important for efficient and sustained production of agricultural crops; thus, increasing crop yield in drought via selection on WUE is a primary focus of plant research programs. In the present study, we found that genotypes of B. rapa differed in their ability to alter their WUE across drought and wellwatered conditions, and that genotypes with the largest variation in WUE across treatments accumulated the most biomass and had the largest reproductive organs; these genotypes may be potential targets for crop improvement. However, adding detailed anatomical, hormonal, and ecophysiological measurements will help to further identify the specific tissues/mechanisms involved in drought response. Investigation of anatomical differences among genotypes, such as differences in stomatal, mesophyll, or vascular tissue characteristics, may help elucidate the specific tissues contributing to the observed differences among genotypes in the ability to alter WUE across environments. Another mechanism to be investigated that may affect variation in drought response in these RILs is variation in ABA signaling, which has been shown to have an important role in plant drought response (Zhang et al., 2006) . Possible ecophysiological mechanisms to be investigated include how gas supply limitations may be caused by the regulation of mesophyll conductance by aquaporins, which may regulate CO 2 exchange into chloroplast, leaf hydraulics, and drought response (Miyazawa et al., 2008; Sadok and Sinclair, 2009 ). Another mechanism may arise from the demand side of photosynthesis, which is metabolically regulated under both the Rubisco and RuBP regeneration portion of biochemical demand for CO 2 (Dias and Brü ggemann, 2010) . However, the challenge will be to develop techniques that can rapidly assess these emerging ecophysiological traits so that they may be employed for quantitative genetics studies.
Once we have a greater understanding of the ecophysiological mechanisms affecting the response of WUE to water regime, we will genotype these traits in the full set of RILs to map QTL that will potentially identify genetic regions that pleiotropically affect multiple traits, with the ultimate goal of identifying candidate genes that affect variation in drought response and tolerance, which can be used to potentially determine the limits of response to natural and anthropogenic selection. These experiments will provide a deeper insight into the evolutionary implications of drought stress in natural populations and crops of B. rapa.
METHODS Study Species and Plant Material
Brassica rapa is an oilseed and vegetable crop species whose native range extends from the western Mediterranean to Central Asia (Gomez Campo, 1999) . Crops of B. rapa, including varieties cultivated for oil (B. rapa subsp. oleifera), as root vegetables (B. rapa subsp. rapa, or turnip), and as leafy vegetables (B. rapa subsp. chinensis, or pak choi, and B. rapa subsp. pekinensis, or Chinese cabbage), are cultivated worldwide. The species also occurs commonly in naturalized populations in association with crop fields (Dorn and Mitchell-Olds, 1991) .
The RILs used in this study resulted from a cross between two inbred genotypes of B. rapa, R500, and IMB211 (Iniguez-Luy et al., 2009 ). The IMB211 genotype was derived from the Wisconsin Fast Plantä population, and artificial selection for rapid generation time in IMB211 resembles that experienced by naturalized populations and agricultural weeds of this species (Dorn and Mitchell-Olds, 1991; Mitchell-Olds, 1996) . The R500 genotype is a seed-oil cultivar planted in India for at least 3000 years (Prakash and Hinata, 1980) . Given their divergent selection histories, genetic variation segregating in the RILs may resemble that segregating in crop 3 wild hybrids found commonly in nature (Adler et al., 1993) . Furthermore, the parents of the RILs differ in life history, vegetative, reproductive, and leaf gas-exchange traits (Edwards et al., 2009; Brock et al., 2010; Haselhorst et al., 2011) , suggesting that this is an interesting population in which to investigate trait (co)variation in response to drought.
The recombinant inbred lines (RILs) used in this study were produced by crossing the two parents, resulting in 150 RILs (Iniguez-Luy et al., 2009) . We previously characterized variation in leaf gas-exchange, vegetative, and reproductive traits in the full set of 150 RILs of B. rapa in a well-watered environment . To select RILs for the present experiment, we used data from these previous experiments to plot the relationship between circadian period and photosynthesis (A), and we selected 40 RILs that maximized the range of variation for leaf gas-exchange and circadian traits present in the complete set of RILs. Specifically, we selected (1) 10 RILs with the largest values of both period and A, (2) 10 RILs with the smallest values for both period and A, (3) 10 RILs that had both the largest values for period and smallest values of A, and (4) 10 RILS that had both the smallest values of period and largest values of A. These lines were randomly selected with regard to genotypic information.
Experimental Design
In each treatment, we planted eight replicates of each of the 40 RILs and the two parents (n = 336 individuals per treatment). Within each treatment, replicate plants within a genotype were fully randomized and arranged into flats. The flats of the two treatments were arranged in a checkerboard array within the greenhouse and rotated weekly to minimize spatial environmental variation. For each replicate plant, three seeds were planted in 520-ml pots filled with a 50/50 combination of Metromix 200 (Sun-Gro Horticulture, Vancouver, BC, Canada) and Fafard custom mix (Conrad Fafard, Inc., Agawam, MA) soils, with 2 ml of Osmocote 18-6-12 fertilizer (Scotts Miracle Grow, Marysville, OH, USA). Seeds were cold/dark stratified at 4°C for 3 d and transferred to the Williams Conservatory greenhouse at the University of Wyoming. Plants received 15-h/9-h light/dark natural light cycles in the greenhouse, with temperatures fluctuating diurnally from 18 to 28°C.
Developing seedlings were watered daily for the first 15 d, during which time germinants were thinned to one seedling closest to the center of the pot. Treatments were imposed after plants germinated and developed true leaves, 15 d after planting. For all plants, the volumetric water content (VWC) of the soil was monitored throughout the experiment using an EC-5 soil moisture meter with an ECH 2 O Check analog read-out system (Decagon Devices, Pullman, WL, USA). Plants in the wellwatered treatment were watered daily to maintain moist soil conditions. For the drought treatment, our goals were to impose drought conditions similar to those experienced in agricultural settings that cause losses in yield, and to impose relatively uniform levels of drought stress across genotypes, despite genotypic differences in phenology or plant size. Thus, each plant in the drought treatment was watered with 25 ml each time it wilted and its soil VWC was at or below 8.00%. The average VWC at flowering was 29.77% in the well-watered treatment and 4.42% in the drought treatment.
Trait Measurements
Plants were checked daily for bolting (i.e. when buds differentiated from the apical meristem). At bolting, leaf gas exchange was measured on six individuals per genotype per treatment. Gas-exchange measurements were carried out on a young, fully expanded leaf using a steady-state gas-exchange system equipped with a leaf chamber fluorometer (LICOR-6400XT; LI-COR Biosciences Inc., Lincoln, NE, USA). We measured photosynthesis (A), chlorophyll fluorescence in light (F v #/F m ', or maximum photosystem II efficiency in light, a key measurement of the light-dependent reactions of photosynthesis), and stomatal conductance (g s ), as described in , except leaf temperature was maintained at 26°C to more closely match daytime greenhouse temperature conditions. These measurements were used to calculate intrinsic water-use efficiency (W g ) for each individual by dividing A by g s (Seibt et al., 2008) . A leaf was then removed from all replicates of each genotype at bolting and scanned, oven dried, and weighed. Leaf area was measured from the scanned leaf images using ImageJ (Abramoff et al., 2004 ) and used to calculate leaf mass per area (LMA; g m À2 ), which is mechanistically related to both photosynthetic gas supply and biochemical demand (Reich et al., 1997; Wright et al., 2004) .
Carbon isotope (d 13 C) composition, a time-integrated estimate of WUE, and mass-based leaf nitrogen composition were analyzed on six individuals of each genotype in each treatment. The oven-dried leaves collected at bolting were ground and analyzed using an elemental analyzer (ECS 4010, Costech Analytical Technologies, Inc., Valencia, CA, USA) coupled to a continuous-flow inlet isotope ratio mass spectrometer (CF-IRMS; Delta-plus XP, Thermo Scientific, Waltham, MA, USA). d
13 C values were reported in parts per thousand relative to Vienna Peedee Belemnite (VPDB). The precision of repeated measurements of laboratory standards was ,0.1%. Leaf nitrogen concentration per unit of leaf area (N area ), which is often positively related to leaf biochemical demand for CO 2 (Reich et al., 1997) , was calculated using mass-based leaf nitrogen concentrations and LMA. Leaf carbon isotope discrimination (D 13 C) was calculated for each individual as (Farquhar et al., 1989) :
To determine d 13 C of the greenhouse air, we collected two air samples in septa-capped vials during each of three time intervals (9am, 12pm, and 4pm) once every 3 d, beginning when plants developed true leaves and continuing until we finished collecting leaves for isotope analysis (totaling seven collection days over a 3-week period). d 13 C air of the samples was analyzed using a GasBench II coupled to a Delta-plus XP CF-IRMS system. The d
13
C air values were corrected to the VPDB standard using CO 2 -in-air laboratory working standards calibrated with CO 2 -in-air standards obtained from NOAA-CMDL. Repeated measurements with CO 2 -in-air laboratory working standards had a precision of ,0.1%. All stable isotope analyses were performed at the University of Wyoming Stable Isotope Facility. The d 13 C of the greenhouse air showed no progressive changes over the course of the experiment, so all measurements were averaged, resulting in a d 13 C air of -9.7.
After plants had bolted, they were checked for flowering each day at 2pm; flowering was scored when the sepals opened and petals became visible or when a flower bud senesced prior to opening. Plants were scored for flower maturity when the anthers on the third and fourth flowers of the main stem dehisced and began to shed pollen. At flower maturity, the third and fourth flowers were removed and placed in 75% ethanol for subsequent dissection. When the third and fourth flowers were not viable, we collected the first two viable flowers (generally not later than the 10th flower). Plants were collected at flower maturity, at which time the height of the plants and number of axillary branches was recorded, and the above-ground biomass and taproot (a proxy for total belowground biomass; Edwards et al., 2009) were removed, oven dried, and weighed. Below-and above-ground biomasses were summed to estimate total biomass. We also estimated the root:shoot ratio to provide an understanding of relative biomass allocation.
Preserved flowers were dissected and photographed, and floral organ sizes were measured from the digital image using ImageJ (Rasband, 1997 (Rasband, -2007 ; measured floral traits included pistil length, short stamen length (i.e. the length of a representative short stamen), long stamen length (i.e. the length of a representative long stamen), petal length, and petal area. However, because short stamen length and long stamen length were highly correlated (r = 0.90, P , 0.0001) and demonstrated highly similar patterns of correlations with other traits, short stamen length is not presented further. For data analysis, measurements of the two flowers from each individual were averaged.
In summary, leaf gas-exchange traits included in this study were photosynthesis (A), chlorophyll fluorescence in light (F v #/F m '), stomatal conductance (g s ), intrinsic water-use efficiency (W g ), carbon isotope discrimination (D 13 C), leaf nitrogen per unit area (N area ), and leaf mass per area (LMA). Vegetative traits included in this study were biomass, the ratio of above-ground to below-ground biomass (root:shoot ratio), number of secondary branches, and plant height. To estimate reproductive traits, we included pistil length, long stamen length, petal length, petal area, and the number of days from planting to flowering (days to flowering). Circadian period values for the RILs were collected as part of an earlier experiment on temperature compensation . Benjamini and Hochberg, 1995) . The variance components estimated from this analysis were used to estimate the ratio V G /V P , or broad-sense heritability, where V G is the among-genotype variance component in each treatment and V P is the sum of all variance components for a trait in each treatment. We tested for genotypic differences in response to treatment by carrying out a mixed-model nested ANOVA across the two treatments (PROC MIXED, SAS ver. 9.2). We evaluated the fixed effect of treatment and the random effects of genotype, flat nested within treatment, and the genotype 3 treatment interaction on each trait. Table- wise FDR correction was used to control for multiple comparisons. We also used this analysis to estimate the genotypic values of each trait in each treatment as best linear unbiased predictors (BLUPs) (Robinson, 1991; Littell et al., 2006) . To further assess how the genetic architecture of each trait differed across treatments, we estimated r GE , the genotypic correlation of each trait across the two treatments (Fry et al., 1996; Gurganus et al., 1998; Vieira et al., 2000) . First, we used a multivariate ANOVA approach using restricted maximum likelihood, which takes measurement error into account, to estimate correlations for each trait across the two treatments (Messina and Fry, 2003; Holland, 2006 ) (SAS PROC mixed). We also used point estimates of the genotypic values of each trait in each treatment (as BLUPs) to estimate Pearson product-moment correlation coefficients for each trait across treatments (SAS PROC CORR), which does not take measurement error into account. Estimates of r GE indicate the extent to which the same genetic loci are expressed and alleles have the same function across treatments; estimates of r GE approaching 1 suggest that expression of the trait across environments has a similar genetic basis, whereas estimates approaching 0 suggest that different genetic loci affect the trait or alleles differ in function across treatments (Fry et al., 1996; Gurganus et al., 1998; Vieira et al., 2000) . ANOVA analyses for each trait across the two treatments were used to determine the significance of r GE ; r GE is significantly different from 1 when the genotype 3 treatment interaction is significant, and significantly different from 0 when the among-genotype variance is significant (Gurganus et al., 1998; Vieira et al., 2000) .
To assess the relationship among traits within each treatment, we used the multivariate ANOVA approach described above to estimate correlations among traits. To assess whether these correlations were significantly different from 0, we used a likelihood ratio test to compare a model in which correlations were unconstrained against 1 in which correlations were constrained to 0 (Messina and Fry, 2003; Heath, 2010) . We also used point estimates of the genotypic values (as BLUPs) of each trait in each treatment to estimate bivariate Pearson productmoment correlation coefficients among traits (SAS PROC CORR).
The significance values of all bivariate correlations were corrected for multiple comparisons by controlling the FDR.
Finally, to assess correlations between circadian and leaf gas-exchange traits, we estimated the correlations between circadian period and all traits measured in the present study in both the drought and well-watered treatments. For these correlations, we used estimates of circadian period at 24°C because this temperature is the closest to that experienced by plants in the present experiment. However, many genotypes lack estimates of period at 24°C because of decreased accuracy of estimates at that temperature , thus reducing the number of genotypes for these genetic correlations to 33. FDR correction was used to control for multiple comparisons.
G-Matrix Analyses
To understand how the genetic variance-co-variance matrices changed across treatments, we used Common Principal Components (CPC) analysis, as implemented in the program CPCrand (Phillips and Arnold, 1999) . CPCrand compares the structure of two matrices using a 'jump-up' approach, testing whether the two matrices (1) are unrelated, (2) share CPCs, (3) are proportional, or (4) are equal, each of which is tested against the hypothesis that the matrices are unrelated. We used BLUPs from each genotype in each treatment and the 'Phenotypic analysis' option in CPCrand to estimate G-matrices as if they were phenotypic variance-co-variance matrices, with 5000 randomizations following Stinchcombe et al. (2009) . To analyze whether traits with different developmental bases differed across treatments, we tested for differences in G-matrices including (1) only leaf gas-exchange traits, (2) only vegetative traits, and (3) only reproductive traits. To measure whether differences in the expression of WUE across drought and well-watered conditions affected reproductive and vegetative traits critical to fitness, we tested for differences in G-matrices including (1) W g and vegetative traits and (2) W g and reproductive traits. Whereas CPCrand assesses differences in the multivariate relationship among traits, we were also interested in understanding which specific bivariate correlations among traits differed significantly across drought and non-drought treatments and thus contributed to matrix differences; we therefore used Fisher's Z-tests to identify bivariate correlations that were significantly different across treatments.
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